The selective conversion of biomass-derived substrates is one of the major challenges facing the chemical industry. Recently, stannosilicates have been employed as highly active and selective Lewis acid catalysts for a number of industrially relevant reactions. In the present work, four different stannosilicates have been investigated: Sn-BEA, Sn-MFI, Sn-MCM-41 and Sn-SBA-15. When comparing the properties of tin sites in the structures, substantial differences are observed. Sn-beta displays the highest Lewis acid strength, as measured by probe molecule studies using infrared spectroscopy, which gives it a significantly higher activity at low temperatures than the other structures investigated. Furthermore, the increased acid strength translates into large differences in selectivity between the catalysts, thus demonstrating the influence of the structure on the active site, and pointing the way forward for tailoring the active site to the desired reaction.
Introduction
The selective conversion of biomass to fuels and chemicals is one of the major challenges facing the chemical industry in the twenty-first century (Ragauskas et al. 2006 ). Owing to the significantly different nature of biomass compared with fossil resources, current conversion technologies cannot be directly applied and new catalytic systems and catalysts need to be developed (Christensen et al. 2008; Vennestrøm et al. 2011) . In this regard, stannosilicates have recently attracted significant attention as highly active and selective Lewis acid catalysts in a number of reactions involving biomass-derived substrates, such as monosaccharide isomerization Román-Leshkov et al. 2010; Nikolla et al. 2011) , retro aldol condensations , hydride shifts (Taarning et al. 2009; Holm et al. 2010; Li, L. et al. 2011) , as well as a number of other reactions including Meerwein-Ponndorf-Verley-Oppenauer (MPVO) redox reactions (Corma et al. 2002 (Corma et al. , 2003 Boronat et al. 2006a,b; Sasidharan et al. 2009) and Baeyer-Villiger oxidations (Boronat et al. 2005 (Boronat et al. , 2006b (Boronat et al. , 2009 Sasidharan et al. 2009; . In particular, tin atoms incorporated in zeolite beta have *Author for correspondence (esta@topsoe.dk).
One contribution of 14 to a Special feature 'Recent advances in single-site heterogeneous catalysis'. been shown to be highly active sites for these reactions; however, owing to the difficulty in preparing Sn-beta, other materials have been investigated, such as the mesoporous stannosilicate Sn-MCM-41 (Li, L. et al. 2011) .
The incorporation of acid functionality in silicates is most well known with the incorporation of aluminium in zeolites to impart Brønsted acidity. Several other heteroelements, such as Ti, Zr, Sn, Nb, Ta and V (Taramasso et al. 1983; Valencia & Corma 2001; Corma et al. 2003 Corma et al. , 2009 Zhu et al. 2004; de la Torre et al. 2010) , have been incorporated in zeolite structures, but these elements do not introduce a charge imbalance like that responsible for the Brønsted acidic behaviour of aluminium-containing zeolites. In some cases, other functionalities can arise, such as the ability of titanium silicalite-1 (TS-1) to catalyse epoxidations (Thomas et al. 2005; Fan et al. 2009) . The incorporation of isolated tin atoms has been shown to impart a strong Lewis acid functionality to silicates (Corma et al. 2003) . The tin atoms, substitute individual silicon atoms, giving rise to electron-deficient active sites, which are able to coordinate to an electron donor, e.g. the carbonyl oxygen of carbohydrates. Although direct isomorphous substitution of silicon with tin is possible, several studies (Boronat et al. 2005 (Boronat et al. , 2006a (Boronat et al. , 2007 (Boronat et al. , 2009 have shown that the active site in Sn-beta is partially hydrolysed, as shown in figure 1. It has further been claimed that the hydroxyl group acts as a base, thereby creating a bifunctional active site, critical for the activity of the catalyst (Boronat et al. 2007) .
Furthermore, the partial hydrolysis of the tin site increases the Lewis acidity of the tin site; a thesis that has been corroborated by both theoretical calculations and experimental observations (Boronat et al. 2005) . Whether other stannosilicates possess several distinct tin sites in a similar fashion is less clear. Studies of probe molecules dosed onto Sn-MCM-41 have indicated that, in addition to the sites present in Sn-beta, doubly hydrolysed tin sites are also present (Boronat et al. 2009) . Conversely, in Sn-MFI, only fully incorporated tin atoms were observed (Boronat et al. 2009) . Although the catalytic properties of stannosilicates differ significantly between structures, no thorough understanding of the nature or causes of these differences has been developed-an understanding that is necessary for the design of improved catalysts (Thomas et al. 2005 (Thomas et al. , 2009 . Thus, the present work focuses on the comparison of different stannosilicates in a range of carbohydrate conversion reactions, and on relating these results to the Lewis acidity of the active sites as measured by infrared (IR) spectroscopy to elucidate the effect of the structure on the catalytic properties of the materials.
Experimental
Tin atoms were incorporated into the framework of zeolites silicalite-1 (MFI) and beta (BEA), with a Si/Sn ratio of 200. Furthermore, two mesoporous stannosilicates, MCM-41 and SBA-15, were prepared with tin atoms incorporated in the structure with Si/Sn ratios of 50 and 200, respectively. Sn-BEA ) was prepared by mixing 29.0 g of tetraethylammonium hydroxide (TEAOH; 40 wt.%) with 4.0 g of water. To this mixture, 30.6 g of tetraethyl orthosilicate (TEOS), was added and the mixture was stirred for 90 min. A solution of 0.26 g of SnCl 4 · 5H 2 O in 4.0 g of water was added slowly. The mixture was stirred to allow the TEOS to hydrolyse and the formed ethanol to evaporate. A mixture of 3.1 g of HF (47-51 wt.%) and 3.0 g of water was added slowly, forming a white rigid gel. A suspension of 0.36 g of dealuminated zeolite beta seeds, prepared according to the procedure described in the patent of Valencia & Corma (2001) , in 3.0 g of water was mixed with the synthesis gel. The final gel had an approximate composition of 1 Si : 0.005 Sn : 0.5 TEA + : 0.5 F − : 8 H 2 O. The gel was transferred to a Teflon-lined autoclave and crystallized at 140
• C for 12 days. Sn-MFI (Mal et al. 1997) • C for 6 days. Sn-MCM-41 (Li, L. et al. 2011 ) was prepared by dissolving 13.0 g of hexadecyltrimethylammonium bromide (CTAB) in 38.0 g of water. To this solution of 26.4 g of tetramethylammonium silicate (TMAS; 15-20 wt.%) was added slowly, and the mixture was stirred for 50 min. The desired amount of SnCl 4 · 5H 2 O and HCl (37 wt.%) was dissolved in 2.1 g of water and the solution added slowly. The mixture was stirred for a further 1.5 h, at which point 12.2 g of TEOS was added. The mixture was stirred for 3 h to give a gel with an approximate composition of 1 Si : X Sn : 0.44 CTAB : 0.27 TMA : 0.08 Cl − : 46 H 2 O, with X being either 0.02 or 0.005. The gel was transferred to a Teflon-lined autoclave and heated to 140
• C for 15 h. SBA-15 (Ramaswamy et al. 2008) was prepared by dissolving 8.0 g of Pluronic P-123 (PEG-PPG-PEG polymer, Mw = 5800 g mol −1 ) in 60.0 g of water. A solution of 1.0 g of HCl (37 wt.%) in 140 g of water was added, and the mixture stirred for 2 h. Then, 18.0 g of TEOS and the desired amount of SnCl 4 · 5H 2 O dissolved in 2.0 g of water was added slowly. The mixture was stirred for 24 h at 40
• C to give a gel with an approximate composition of 1 Si : X Sn : 0.016 P123 : (0.12 + X) Cl − : 134 H 2 O, with X being either 0.005 or 0.02. The gel was transferred to a Teflon-lined autoclave and heated to 100
• C for 24 h. All of the catalysts were isolated by suction filtration and washed with ample water. The catalysts were dried overnight at 80
• C and calcined in static air at 550
• C for 10 h (heating rate: 2 • C min −1 ). The diffraction pattern of the samples was measured by powder X-ray diffraction on a Phillips X'Pert diffractometer using Cu-Ka radiation. The elemental composition of the solid materials was determined by atomic emission spectroscopy (ICP-OES) measured on a Perkin Elmer model Optima 3000, Varian Vista. Elemental analysis of reaction liquids was performed on an Agilent 7500ce ICP-MS. Pore volume and surface area measurements were performed by multipoint N 2 adsorption/desorption on a Quantachrome Autosorb automatic surface area and pore size analyser. The surface area and micropore volume were calculated using the BET and t-plot methods, respectively. The computer program AUTOSORB 3 was used for the data treatment. SEM pictures were taken with a Quanta scanning electron microscope. The samples were made conductive by depositing a silver layer. Measurements of the IR spectra of the samples were performed on a BioRad FTS 80 spectrometer equipped with an MCT detector operated in transmission mode. The samples were pressed into self-supporting wafers and mounted in a Pyrex measurement cell with NaCl windows that was connected to a vacuum line. Samples were dehydrated before analysis at 375
• C for at least 2 h. Probe molecule studies were performed by subjecting the sample to small aliquots of deuterated acetonitrile. The probe molecule was then slowly desorbed by subjecting the sample to reduced pressure for short periods of time, and the spectrum recorded between each desorption.
The conversion of triose sugars to methyl lactate was performed by dissolving 110 mg of the triose dimer, either 1,3-dihydroxyacetone (DHA) or glyceraldehyde (GLA), in 4.0 g of methanol. A total of 80 mg of catalyst was added and the mixture sealed in a glass vial and heated to the desired reaction temperature. The reaction was allowed to proceed for 24 h with stirring. A blank experiment was performed with purely siliceous zeolite beta.
To test the conversion of sucrose to methyl lactate, 450 mg of sucrose was dissolved in 15.0 g of methanol and 150 mg of catalyst was added. The mixture was sealed in a stirred autoclave and heated to 160
• C for 16 h. A blank experiment was performed with purely siliceous zeolite beta. The spent catalyst was regenerated by calcination at 550
• C for 10 h. The isomerization of glucose to fructose was performed by adding 50 mg of catalyst to 5.0 g of a glucose solution (2 wt.% in water or 1 wt.% in methanol). The mixture was sealed in a glass vial and heated to the desired reaction temperature with stirring. Individual experiments were performed for different sampling times.
After reaction, the catalyst was removed using a syringe filter, and the reaction mixtures were analysed by gas chromatography (GC) and high-performance liquid chromatography (HPLC). Methyl lactate was quantified by GC analysis on an Agilent 7890A gas chromatograph equipped with an HP-Innowax column and a flame ionization detector. All other compounds were separated by HPLC on an Agilent 1200 series liquid chromatograph equipped with an Aminex HPX-87H column operating at 65
• C. The eluent was 0.004 M H 2 SO 4 with a flow rate of 0.6 ml min −1 . The analytes were quantified with an refractive index detector. The column did not produce adequate separation of fructose and mannose; however, as the response factors of the two compounds are nearly identical, they were treated as a single compound, and quantified with the response factor of fructose. Owing to the acidic eluent, all acetals present in the reaction liquids were hydrolysed and thus quantified as such.
Results and discussion
The diffraction patterns of the zeolites, shown in figure 2, confirm that zeolites MFI and BEA have been formed with a high degree of crystallinity. No unassigned diffraction lines corresponding to tin oxide were observed. The diffraction patterns of the mesoporous stannosilicates (not shown) clearly demonstrate the amorphous nature of the samples as no diffraction lines were observed at angles higher than 5
• . At lower angles, shown in figure 3, diffraction lines corresponding to the (100), (110) and (200) (Selvaraj & Choe 2010; Li, L. et al. 2011) . Measurements of the surface area and pore volume of the materials further confirmed that highly porous structures had been formed, in agreement with the expected structures. Elemental analysis shows a high degree of incorporation of tin in the zeolite structures; however, in the case of the mesoporous stannosilicates, the incorporation varied significantly (table 1) . SEM pictures of the materials (figure 4) show distinctly different morphologies. The Sn-BEA crystals are very small (less than 1 mm) spherical particles, while Sn-MFI has large coffin-shaped crystals with a length in excess of 20 mm. The large particle size in combination with the narrow pore system of the MFI structure means that severe diffusion limitations must be expected for this catalyst. The appearance of the mesoporous stannosilicates also differs significantly; Sn-MCM-41 does not appear to have a distinct particle shape, which is not surprising owing to the amorphous nature of the sample. Sn-SBA-15, on the other hand, presents as hexagonal discs. This particle shape seems to fit well with the two-dimensional hexagonal ordering of the pore system in SBA-15.
The IR spectra taken of the zeolites (not shown) do not display any significant band around 3700 cm −1 , which is assigned to framework defects, indicating a very low defect concentration, as expected for zeolites prepared by the fluoride route. The IR spectra of deuterated acetonitrile dosed onto the materials are shown in figure 5 . All of the spectra display a prominent band at approximately 2275 cm −1 , arising from acetonitrile interacting with the silanol groups of the material, and a second band at 2266 cm −1 , which is caused by physisorbed acetonitrile (Boronat et al. 2005) . For the mesoporous stannosilicates, the second band was only observed at very high loadings of acetonitrile (not shown). The bands caused by the tin sites were in the region 2305-2320 cm −1 . For Sn-BEA, two distinct bands were observed at 2308 and 2317 cm −1 , corresponding to the isomorphously substituted and hydrolysed tin sites, respectively (Boronat et al. 2005) . The difference in adsorption strength between the sites is clearly seen in the difference in desorption rate; the intensity of the band arising from the isomorphously substituted site is rapidly reduced upon exposure to reduced pressure, while the other band remains virtually unchanged. A similar appearance is not observed for the other catalysts.
For Sn-MFI, a single band at 2310 cm −1 was observed and a small band at 2290 cm −1 . The band at 2310 cm −1 probably arises from isomorphously substituted tin, as is observed in Sn-BEA, but the lack of a band at higher wavenumbers indicates that the hydrolysed tin site is not present to any significant degree, demonstrating a significant difference between the BEA and MFI frameworks. The band at 2290 cm −1 is unassigned, and it is thus not known whether this arises from a tin site or defects in the structure. The spectra of the two mesoporous stannosilicates look very similar, which is not surprising as the main difference between the structures is the size of the pores. They both display a broad band centred at 2312 cm −1 . Since the tin atoms are inserted in an amorphous structure, one would expect a broad range of possible local bonding arrangements, leading to a large variation in Lewis acid strength for the tin sites in the mesoporous stannosilicates, in agreement with the observed spectra. In this case, one would, however, also expect that the maximum of the band would gradually shift to higher wavenumbers as the probe molecules are desorbed (as is observed clearly for Sn-BEA) as the rate of desorption would be higher from the weaker sites. This does not appear to be the case, however-judging the adsorption strength simply from the observed shift may be an oversimplification.
Lactic acid is an important commodity chemical currently produced from carbohydrates by fermentation. The number of potential uses of lactic acid is vast (Gandini 2008; Serrano-Ruiz & Dumesic 2009; Pereira et al. 2011) ; however, the current relatively high price precludes many of these applications, thus improved processes for the production of lactic acid would be of great interest. An alternative catalytic process has been demonstrated, where lactic acid derivatives are prepared by the combined isomerization/esterification of triose sugars with a Lewis acid catalyst ( 2009; West et al. 2010; Li, L. et al. 2011; Zehui & Zongbao 2011) . The reaction scheme is given in figure 6 . The conversion was investigated over a wide range of temperatures with the prepared stannosilicate catalysts; the obtained yields are given in figure 7. As can be seen, at 120 • C, all catalysts give high yields of methyl lactate (greater than 80%). The major compounds in the reaction mixture besides the product are the intermediate pyruvaldehyde (PA), present as the hemiacetal (PAHA), and the trioses. One of the major by-products typically produced is the diacetal PADA, formed by the Brønsted acid-catalysed second pathway shown in figure 6 ; however, this was not present in significant quantities. At a reaction temperature of 40
• C, near quantitative yields are obtained with Sn-BEA, which is significantly better than all other tested catalysts, which gave less than 20 per cent. It is unlikely that this difference can be explained simply in terms of a higher number of active sites in the catalyst, but rather indicates that the active sites in Sn-BEA are capable of activating the substrate to a much greater extent. Even at 80
• C, only Sn-MCM-41 (50) is able to give quantitative yields; however, this requires a tin content in the structure three times higher than in Sn-BEA. Using the bulk tin content of the samples as a measure of the number of active sites should however be done with great care, as the distribution between different types of sites is not necessarily identical between the structures, and furthermore, especially in the case of the mesoporous stannosilicates, not all tin atoms are necessarily accessible from the pore system. Finally, the effect of diffusion limitations should not be overlooked, although this will probably have a limited effect for this reaction owing to the small size of the substrate.
In figure 8 , the composition of the product mixture obtained from the conversion of trioses at 40
• C is given. It is very surprising to note the difference in distribution between the intermediates: for the Sn-SBA-15 and Sn-MCM-41 catalysts (and for Sn-BEA, although the high yield makes it difficult to conclude) the main intermediate is PA; however, for Sn-MFI, only relatively low amounts of this intermediate are present. Instead, a significantly larger fraction is present as the corresponding triose isomer of the substrate. The first step in the conversion of trioses to methyl lactate is the dehydration of the triose to PA, which appears to proceed rapidly for the SBA-15 and MCM-41 catalysts, followed by the formation of the PAHA. The significant amount of PAHA present indicates that the ratelimiting step is the hydride shift to yield methyl lactate. Conversely, for Sn-MFI, the large amount of the corresponding triose, and low amount of PAHA, indicates that the hydride shift to yield methyl lactate from PAHA and to interconvert the trioses is relatively fast and the rate-limiting step is instead the dehydration of the triose sugars. This difference in selectivity displayed by tin sites in different structures shows that the activity of the active sites cannot simply be judged from the strength of the Lewis acid sites, and may in fact indicate that different active sites are responsible for the dehydration and hydride shift reactions. Sn-BEA is an effective catalyst for the isomerization of glucose to fructose and mannose in water (reaction scheme shown in figure 9 ; Moliner et al. (2010) ). The isomerization was performed with a reaction time of 48 h and a reaction temperature of 80
• C. The results are given figure 10. As can be seen, only Sn-BEA is capable of effectively catalysing the conversion; while Sn-BEA reached the equilibrium distribution within 8 h, none of the other catalysts was able to obtain conversions higher than 5 per cent in 48 h. The low conversion obtained by Sn-MFI could be explained by severe diffusion limitations caused by the narrow pore system and the large crystal size. A similar explanation does, however, not hold for the mesoporous stannosilicates, where diffusion should not be a limiting factor. It could instead be caused by deactivation of the active sites by interaction with water. The active sites in the BEA zeolite, and for that matter in the MFI, will be more resistant to deactivation from water owing to the highly hydrophobic nature of the catalyst (Corma et al. 2003) . Owing to the amorphous nature and large pore system of the mesoporous stannosilicates, a similar effect would not be observed for these.
To examine this further, we attempted to perform the isomerization in methanol (figure 11). Again, Sn-BEA displayed the highest activity, in this case reaching a maximum yield of 42 per cent within 4 h. However, in this case, conversion of hexoses to other compounds was significant, lowering the hexose mass balance to only 65 per cent at this reaction time. At longer reaction times, the mass balance was lowered further, to a point where only fructose and mannose were detected in the reaction mixture. This indicates that ketoses are significantly more stable than aldoses under these conditions. The significant decrease in hexose mass balance observed with Sn-BEA was not observed with the mesoporous stannosilicates, thus at longer reaction times higher yields of the isomerization products were obtained; Sn-MCM-41 gave a yield of approximately 75 per cent with no significant loss of hexoses after 17 h, while Sn-SBA-15 appears to approach a similar yield, although at a much slower rate. It thus appears that the deactivation of the active sites observed in water does not occur in methanol. Similarly to the results from the reaction run in water, Sn-MFI gave negligible conversion. Since Sn-MFI was demonstrated to efficiently catalyse the isomerization of trioses, the low conversion with the larger hexose substrate strongly indicates that the reaction is hampered by diffusion limitations. The use of hexose sugars as the substrate for the production of methyl lactate (reaction scheme given in figures 6 and 12) is significantly more interesting owing to the lower cost of the feedstock compared with triose sugars, although it is also significantly more challenging; a number of alternative reaction pathways are possible, most notably dehydration to furanoic compounds and polymerization reactions leading to insoluble by-products, both of which lower the overall yield of methyl lactate significantly. The catalysts were tested for their activity in the conversion of sucrose to methyl lactate; the yields are given in figure 13 . Again, Sn-BEA gives significantly higher yields-more than double the yield of the other catalysts. It is interesting to note the lack of difference between the other catalysts, all of them giving slightly more than 20 per cent yield. This further emphasizes the lack of correlation between the number of tin atoms in the structure and the number of active sites. The yield obtained using Sn-MFI is in fact surprisingly high; the size of the substrate, even after scission of the disaccharide to the constituent hexoses, will impose severe diffusion limitations, compounded by the size of the zeolite crystals. It is possible that the reaction only occurs at active sites located at the surface of the crystals or in the pore mouths.
Characterization of the catalyst used for the conversion of sucrose after regeneration showed no significant change in pore volume of the zeolite catalysts, as shown in table 2; however, the mesoporous stannosilicates lost a significant amount of their pore volume and BET surface area. This could simply be due to the deposition of carbon species in the pore system, which could not be removed by the regeneration procedure employed; however, since this procedure was identical for all catalysts, it seems more likely that the mesoporous structures are less stable at the conditions used for the hexose conversion. The stability of the zeolites and the mesoporous stannosilicates has previously been demonstrated, albeit at lower temperatures, in that the yield obtained with the catalysts did not The yield is calculated as the fraction of carbon atoms of the substrate that were incorporated in the product. The dashed line is the yield obtained using Si-BEA. decrease upon re-use Li, L. et al. 2011 ). This does not, however, conclusively demonstrate the stability of the active sites, as numerous factors influence the observed yield (Sheldon et al. 1998) . To investigate the stability, the amount of metal which had leached into the reaction liquid was determined by elemental analysis. Significant amounts of tin species were present in the liquid, irrespective of the structure, and although this could possibly be partly ascribed to catalyst particles small enough not to be retained by the filtration or to the soluble extra-framework tin species, it indicates that the incorporated tin sites are not stable at the employed reaction temperature in liquid media. Previous studies on similar materials have concluded that the active metal does not leach (Corma & Renz 2004; Li, L. et al. 2011) ; however, these were performed at lower temperatures, which could explain the discrepancy. To test whether leached tin species displayed catalytic activity, an experiment was performed where Sn-BEA was heated to 160
• C in methanol for 3 h, and then removed by filtration. The substrate was added to the liquid and the reaction allowed to proceed. The yield obtained was identical to the blank run, thus the leached species are not catalytically active and the catalysis is truly heterogeneous; however, the loss of active sites draws the long-term stability of the catalysts, under these conditions, into question.
Conclusion
Stannosilicates have great potential as catalysts for use in a future biomass-based chemical industry, owing to the diverse range of reactions that can be catalysed with high activity and selectivity. Significantly different catalytic properties are, however, observed between structures, which cannot simply be explained by differences in diffusion properties. Thus, the type of structure influences the nature of the active site. This can be directly observed by measuring the change in vibrational frequency of a probe molecule adsorbed onto the active site. Sn-beta possesses an active site with a significantly higher acid strength than the other catalysts investigated; a difference that is probably responsible for the high catalytic activity at low temperature, as observed for the conversion of triose sugars into methyl lactate. In the conversion of hexose substrates, significantly higher yields of methyl lactate were obtained with Sn-beta. Thus, for the production of lactic acid, none of the other catalysts tested can match the activity and selectivity of Sn-beta. The high strength of the active site is, however, not necessarily an advantage, as observed when attempting to isomerize glucose, since alternative reactions begin to dominate at elevated temperatures. This could of course be compensated for by lowering the reaction temperature; however, this may not be desirable as the yield is limited by thermodynamics and a lower temperature would lead to a lower equilibrium yield . Instead, matching the strength of the active site to favour the desired reaction can be done by choosing a different structure, and the range of structures can be thought of as a toolbox, where the optimal structure differs between applications. Further investigation of the influence of the structure on the active site is necessary, and, in particular, insights into the cause of the difference, on an atomic level, would be of great importance. The perspective of tailoring the active site to the desired application is exciting, and could potentially significantly improve the selectivity of these stannosilicate catalysts.
